Military recruits are at a higher risk of respiratory infection than their civilian counterparts. Continuous outbreaks of adenovirus (Ad)-associated acute respiratory disease were documented among US trainees before the implementation of serotype 4 (Ad4) and serotype 7 vaccines in 1971. The discontinuation of Ad vaccination programs in 1999 precipitated the reemergence of Ad in training sites, with Ad4 accounting for 98% of all diagnosed cases.
ing acute respiratory disease (ARD), pharyngoconjunctivitis, and gastroenteritis. A total of 51 serotypes have been identified since the first discovery of these viruses in 1954 [1] . These 51 types are classified within 6 species (A-F) on the basis of the relative sequence homology of their genomic DNA, tissue tropism, fiber protein characteristics, and other biological properties [2] .
The serotypes most frequently associated with respiratory infection are classified within subspecies B1 (Ad3, Ad7, and Ad21), species C (Ad1, Ad2, Ad5, and Ad6) and species E (Ad4). Some of these serotypes, like Ad3, Ad7, and particularly Ad4, are also frequent causative agents of epidemic conjunctivitis [3] [4] [5] . Clinical manifestations of Ad-associated respiratory disease range from febrile respiratory illness (FRI) to pharyngitis and pneumonia and may depend on the Ad serotype, the age of the patient, and other factors.
For reasons that are not totally clear, military recruits are at a higher risk of respiratory infection than their civilian counterparts [6, 7] . Stress and crowding are important factors that could facilitate transmission and ; lane p, prototype strain of Ad4 (RI-67); 1, 2, etc., 4a variants; a, a distinct BamHI restriction profile; N, novel restriction profiles not previously reported for these enzymes; p, prototype-like restriction profile; pvac, vaccination strain. [30] . Novel restriction profiles for a given endonuclease were designated N, or N1, N2, etc., when 11 novel profile was identified. The digestion profiles of the prototype and vaccine strains of Ad4 are listed for comparison.
increase susceptibility [8, 9] . Continuous outbreaks of Ad-associated respiratory disease were documented among US military trainees and some deployed troops [10] before the implementation of the live enteric-coated Ad4 and Ad7 vaccines in 1971 [11, 12] and since 1996, when the production of the licensed vaccine formulation ceased. Similar associations between Ad and high rates of ARD have been seen in military trainee populations in other countries [13] [14] [15] [16] . Since the loss of the vaccine, FRI rates have more than doubled among US military recruits, and a true reemergence of Ad infections has been noted. In the absence of the vaccine, it has been estimated that 10%-20% of all military recruits become ill with a febrile Ad infection during training [17, 18] . Large outbreaks of Adassociated illness have been reported in recruit training facilities nationwide, with serotypes 4 and 7 being associated with the most recently described disease epidemics [19] [20] [21] . Seroprevalence studies conducted on incoming (pretraining) recruits demonstrated that 170% of all tested individuals lacked protective antibodies against Ad4 or Ad7 [17, 22] . Thousands of isolates have been obtained over the past decade that have documented the role of Ad4, the only known serotype of species E, as the leading causative agent of FRI in military trainees since 1996 [20, 21, [23] [24] [25] . Several fatalities associated with Ad infection of young adults have been recorded, including a well-documented case of Ad4-associated nonbacterial pneumonia [26] [27] [28] .
The use of restriction enzyme analysis in the characterization of adenoviral genomes has revealed significant intraserotypic genetic variability for all serotypes examined to date. Restriction analysis of field isolates of Ad4 recovered worldwide has shown the existence of a variety of genome types (also known as DNA variants) belonging to 2 major clusters of homology-4p-like and 4a-like [29] [30] [31] [32] . Most of the published molecular epidemiological studies of Ad4 infection have used restriction enzyme analyses of whole genomic DNA to characterize strains associated with conjunctivitis [33] [34] [35] . Very few have reported the genome type characterization of strains recovered from cases of respiratory infection [36, 37] , possibly because of the NOTE. Restriction sites were first identified on available complete genome sequences for Ad4p (strain RI-67, GenBank accession no. AY594253), Ad4pvac (accession nos. AY594254 and AY458656), and Ad4 field strains NHRC 90339 (genome type 4p4; accession no. EF371058), NHRC 42606 (genome type 4a2; accession no. AY599835), and NHRC 3 (genome type 4a1; accession no. AY599837), using SeqBuilder software (Lasergene suite, version 1.0; DNASTAR). Information was extrapolated to genome types 4a and 4a variants a3-a5 based on the presence or absence of comigrating restriction fragments.
a Restriction site and location were estimated and are subject to verification by whole-genome sequencing.
infrequent association of Ad4 with respiratory disease among civilians. Despite the leading role of Ad4 in the etiology of respiratory illness in military training facilities, little is known about the magnitude of genetic variability among Ad4 strains circulating in the United States since the original identification of Ad4 [1, 38] . Recent publications have suggested that a new strain of Ad4 has recently emerged among military trainees [39] [40] [41] [42] , but the new strain has not been genome typed, nor has its distribution or prevalence been assessed. In the absence of genome type-specific surveillance, the very high prevalence of Ad4 has prevented any meaningful analysis of strain distribution and strain-specific transmission in this highly affected population.
The impact of genetic variation on Ad fitness and virulence is not known, but it is extremely likely that different Ad genome types display phenotypic differences that may involve their antigenic reactivity as well as their pathogenic potential. A recent retrospective study of a few Ad4 and Ad7 strains isolated between 1953 and 1997 showed evidence of genetic variability in hypervariable regions of the hexon gene resulting in detectable differences in neutralization titers [42] . Although these studies were conducted on a relatively small number of viral strains, they clearly demonstrated the occurrence of an antigenic drift for Ad4 and raised questions related to the long-term adequacy of protection conferred by the present Ad4-Ad7 vaccine design. In view of these limited but intriguing findings, the molecular characterization of viral isolates during surveillance of adenovirus infections in military settings is needed to understand Ad infection and transmission dynamics in this highly susceptible population and to assess the efficacy of the present Ad vaccination program renewal efforts within the Department of Defense (DoD). In the present article, we report the characterization by restriction enzyme analysis of 724 Ad4 strains isolated from cases of FRI in military personnel in 8 military training sites in the United States over the course of a 7-year period after the 1996 discontinuation of Ad vaccine production. The 724 Ad4 isolates were chosen to represent the overall population as evenly as possible, both temporally and spatially (i.e., samples were selected to include all sites and all times, rather than being a random subset of all samples collected). Because of this, apparent temporal trends in sample size do not necessarily represent changes in rates at the sites. All virus samples were initially isolated in A549 cell monolayers and confirmed to be Ads by immunofluorescence in the College of American Pathologists-certified NHRC diagnostic microbiology laboratory. The Ad isolates analyzed in this study were identified as Ad4 by a microneutralization assay [43] , polymerase chain reaction (PCR) [44] , or both. Serotyped isolates were then stored at Ϫ80ЊC for further analysis. Case definition. A case of FRI/ARD was defined as a recruit presenting for medical care and meeting the following 2 criteria: fever (oral temperature у38ЊC/100.5ЊF) and a respiratory symptom (cough or sore throat).
MATERIALS AND METHODS

Surveillance of adenovirus infection among US
Viral DNA purification and restriction enzyme analysis. Ad isolates were shipped in dry ice to the Lovelace Respiratory Research Institute for further characterization. All isolates were passed once onto monolayers of A549 cells in 25-cm 2 flasks and subsequently amplified in monolayers of A549 cells in 75-cm 2 flasks for viral DNA extraction. When an extensive cytopathic effect was evident, intracellular viral DNA was isolated from infected cells using the method developed by Shinagawa et al. [45] , with modifications. For genome type identification, 1 mg of viral DNA was initially digested with restriction endonuclease BamHI in accordance with the manufacturer's recommendations (Promega). Viral DNA was further characterized by digestion with DraI, EcoRI, EcoRV, XhoI, and SmaI. DNA fragments were separated by horizontal gel electrophoresis in 0.8% or 1.2% agarose gels run in 1ϫ Tris borate-EDTA buffer (0.09 mol/L Tris borate and 0.002 mol/L EDTA [pH 8]). Restriction profiles were visualized by UV transillumination at 303 nm after staining with ethidium bromide and were photographed in a Gel Doc imager (Bio-Rad).
Restriction sites were mapped and fragment sizes calculated using available whole genome sequence data for the prototype strain RI-67 (Ad4p, genome type 4p; GenBank accession number AY594253), the vaccine strain CL68578 (Ad4pvac, genome type 4p1; accession numbers AY594254 and AY458656), and 3 Ad4 field isolates from recruit populations genome typed in the present study-NHRC 90339, NHRC 42606, and NHRC 3 (GenBank accession numbers EF371058, AY599835, and AY599837, respectively) using SeqBuilder software (Lasergene suite version 1.0; DNAStar). Maps for novel genome types were inferred from these data by identification of comigrating restriction fragments after comparison of their restriction profiles with those of the prototype, vaccine, and field strains.
Genome type denomination. Genome types were denominated in using the system developed by Li and Wadell [46] through comparison of the generated restriction patterns with published profiles. Genome types or DNA variants were initially discriminated on the basis of their distinct profile of BamHI restriction fragments and designated p for the prototype strain, and a, b, c, and so forth, for subsequently identified variants. Additional restriction enzymes discriminate subtypes p1, p2, a1, a2, and so forth. In the present article, novel restriction profiles not previously reported for a given endonuclease were designated N or N1, N2, and so forth, when 11 novel profile was identified.
PCR confirmation of coinfections. The only 2 detected cases of apparent coinfections between a p-like genome type and an a-like genome type were confirmed by PCR using an E1A-targeted primer pair amplifying a region in which the Ad4a and Ad4p amplicons differ by 33 bp (Ad4a yields 222 bp, whereas Ad4p yields 255 bp). Primers used were AdEF (5 -CTGCACGATTTGTATGATCTGG-3 ) and AdER (5 -CCTGC-TCGTICTCATCATCG-3 ). Samples were extracted using the Qiagen 96 DNA Blood Kit (Qiagen) in accordance with the manufacturer's instructions, and reactions were performed using the Qiagen Multiplex Kit (Qiagen) in accordance with the manufacturer's recommendations. Reactions were cycled in a Bio-Rad iCycler using standard parameters with a 58ЊC annealing temperature.
RESULTS
Contribution of Ad4 to total Ad morbidity.
Data from continuous surveillance have shown that, during 1996, the last year of full Ad4/Ad7 vaccine administration, Ad4 infections accounted for only 4% of the total Ad morbidity among US military recruits [39] . The proportion of Ad-associated mor- bidity attributable to Ad4 rapidly increased to 58% in 1997 and to 73% in 1998 as vaccine stocks were progressively consumed. In 1999, after complete depletion of the vaccine supplies, Ad4 became responsible for 98% of all diagnosed cases of Ad infection and remained at this proportion or higher for the remainder of the analysis period, with negligible representation from other serotypes [39] .
Genome typing of military Ad4 strains isolated between 1997 and 2003. Characterization of viral DNA using a panel of 6 endonucleases (BamHI, DraI, EcoRI, EcoRV, XhoI, and SmaI) revealed the presence of 7 distinct genome types belonging to 2 major clusters-4p-like and 4a-like-as defined by their BamHI profiles. None of the identified DNA variants corresponded to the Ad4 prototype strain (4p) or to the Ad4 vaccine strain (described by Li and Wadell [30] as corresponding to genome type 4p1). Instead, all 4p-like isolates corresponded to a genome type not previously described, 4p4 that exhibited distinctive EcoRI profiles identical to those described for genome type 4p3 but unique SmaI restriction patterns. Restriction analysis of 4a-like genomes with DraI, SmaI, and XhoI allowed the identification of novel patterns and, from those patterns, the discrimination of 6 different variants or subtypes: 4a, 4a1, 4a2, 4a3, 4a4, and 4a5. Of these 6 variants, only 4a had been described in the literature for North American Ad4 strains [30] . Restriction patterns for each of the identified genome types with all 6 enzymes are shown in figure 1A , 1B, and 1C in comparison with the prototype strain (p) and the vaccine strain (pvac) of Ad4 and are summarized in table 1. The restriction-site maps and estimated restriction-fragment sizes for each endonuclease and each individual genome type are shown in tables 2 and 3.
Genome type analysis of Ad4 strains isolated in the United States before the implementation of vaccine protocols. Seven Ad4 strains isolated in the United States in 1966, 1968, and 1971 were provided for the study by Dr. D. Erdman (Centers for Disease Control and Prevention, Atlanta, GA). These strains were characterized using the same panel of 6 endonucleases as those described above. All 7 strains yielded identical prototypelike profiles after digestion with BamHI and identical profiles after digestion with DraI, EcoRI, EcoRV, SmaI, and XhoI (figure 2 and table 4) indistinguishable from the patterns generated by digestion of prototype strain RI-67 DNA; they were therefore identified as corresponding to genome type 4p.
Geographic and temporal distribution of Ad4 genome types. The analysis of the temporal and geographic occurrence of the 7 identified genomic variants of Ad4 revealed a training sitespecific pattern of circulation as shown in figure 3 . Genome type Ad4a1 was the most frequently isolated and most widely distributed DNA variant, accounting for 391 of 724 isolates examined and circulating in 7 of 8 training sites for variable periods of time since 1997. Two cases of coinfection with DNA variants Ad4p4 and Ad4a were identified in specimens collected in Parris Island, South Carolina, in 2000, as revealed by the presence of overlapping patterns in the digests of the extracted viral DNA ( figure 4A ). Restriction analysis of these samples with EcoRV, SmaI, and XhoI clearly showed the coexistence in the digests of fragments corresponding to both genome type 4p4 and genome type 4a. These coinfections were confirmed by PCR (figure 4B) using a pair of primers targeting a region of the E1A gene in which 4a-like DNA variants and 4p-like DNA variants differ by a 30-bp insertion/deletion.
DISCUSSION
Ad morbidity among military personnel has been increasing since 1994, when vaccine production delays resulted in shortages, and markedly since 1996, when the sole manufacturer of the licensed vaccine permanently discontinued production. Before vaccination was started in 1971, Ad4 and Ad7 were the major causes of ARD in basic trainees [12, 47] . A true reemergence of Ad4 has been noticed in recent outbreaks of respiratory illness among recruits, with isolation rates reaching 90% and delays in training frequently being required [17, 18] . The relative contribution of Ad4 to total adenovirus morbidity has steadily increased since 1996, reaching 98% of all serotyped Ad isolates in 1999 and staying at these rates through 2003 [39] . The resulting disruption of training has compromised predeployment troop readiness, challenged medical resources, and generated significant financial burdens to training commands. Until the restoration of Ad4/Ad7 vaccine programs, which are estimated to begin no earlier than 2009 [17] , epidemics of Ad-associated respiratory illness should be anticipated in recruit training camps.
The body of molecular analyses conducted in the present study offers important insights into the epidemiology of Ad4 infections in recruit training sites. Our data clearly show the circulation in military recruit populations over the past decade of Ad4 strains corresponding to 2 major clusters of genomic homology-4p-like and 4a-like-and representing DNA variants easily distinguishable from the vaccine and prototype strains by restriction enzyme analysis. Ad4 strains corresponding to Ad4p-like and Ad4a-like genome types have been previously isolated in association with both respiratory disease and conjunctivitis worldwide [29, 32, 36, 48] , but no particular associations of individual genomic variants with specific clinical presentations have been demonstrated. The disappearance of vaccine selective pressure is likely to be one of the major reasons for the emergence of new Ad4 genome types and for changes in the relative prevalence of existing DNA variants in the military recruit setting. Limited data, including those generated in the present study, indicate that 4p-like genome types were the most prevalent variants in the United States during the late 1960s to early 1980s [30, 31] . Interestingly, there is some evi-dence documenting the circulation in the country of strains corresponding to genome type 4a in the late 1970s [30] .
A recent study implicating the environment in the chain of transmission of Ad infections among trainees [18] demonstrated the complete lack of Ad4 among recruits when they initially arrived for training and evidence of widespread transmission of a given strain of Ad during training. Additionally, the same study showed that Ad4 can be found ubiquitously in the recruits' physical environment, often on surfaces such as footlockers, rifles, restroom fixtures, and pillows, which suggests that Ad4 is highly resistant to environmental degradation and may use the physical environment as a reservoir. The sitespecific nature of the genome type distributions found in the present study may be best supported by our findings at 2 sites (New Jersey and Illinois), where very different DNA variants were retained for the entire study period, which supports the hypothesis that there are local reservoirs of virus acting as consistent sources for the observed outbreaks. All training sites displayed uncorrelated and unique temporal genome type distributions, despite the fact that all camps receive recruits from the same source population. This appears to exclude incoming recruits as a likely primary source of epidemiologically relevant adenovirus infections.
The temporal distribution of genome types over the 7-year period covered by this study showed a strong tendency toward homogeneity at specific times within single training facilities, with only occasional cocirculation of multiple types. Transitions of dominance between genome types tended to be very sharp. These dynamics are suggestive of strong selective pressures driving replacement events. However, transitions from 1 dominant DNA variant to another in a given site were of a generally random nature. On some occasions, Ad4a-like genome types appeared to replace Ad4p4, whereas, on other occasions, the opposite substitution was observed. This pattern suggests selective dynamics driven more by local herd immunity to recently dominant strains rather than by any inherent selective advantage of one genome type relative to another, although possible differences in fitness and transmissibility between DNA variants should not be completely ruled out. Antigenic differences between genome types may explain the observed temporal occurrence of genome types in a given site and should be evaluated in the context of the ongoing clinical trials for the reimplementation of Ad vaccines. The identification of 2 cases of coinfection with Ad4p4 and Ad4a is noteworthy, because homologous recombination, which has been shown to occur in nature between closely related genomes, is a well-acknowledged mechanism of Ad evolution [49, 50] .
While this study was being conducted at NHRC and Lovelace Respiratory Research Institute, the full genome sequence of Ad4a was determined at the laboratory of H.-S. Huong at Walter Reed Army Institute of Research (WRAIR). That work demonstrated the replacement of the inverted terminal repeat (ITR) in the prototypical Ad4p-like genomes with a species B-like ITR in the divergent Ad4a-like strains currently dominant at many recruit camps [40] . In an effort to assay the distribution of this mutation among adenovirus strains circulating in recruit training facilities, WRAIR obtained a collection from NHRC of Ad4 isolates representing the 8 sites under surveillance. Using a PCR targeted at the ITR polymorphism [40] , WRAIR independently identified the consistent presence of a site-specific variant at the New Jersey training center (corresponding to the genome type Ad4p4 described in the present study), in contrast to the general dominance of ITR variant Ad4a (corresponding to the 4a-like genome types described in the present study) among the rest of the collection. This finding independently confirmed the site-restricted Ad genome type distributions in US recruit training facilities reported here.
The striking genetic diversity detected among Ad4 strains associated with recent outbreaks of febrile respiratory illness among military recruits and the intriguing site-specific pattern of circulation of the 7 Ad4 genome types identified in the present study may have strong implications for the design of long-term successful intervention strategies. Our results strongly suggest that the epidemiological characteristics and molecular dynamics of Ad4 infections in the military environment are complex and stratified at the genome type level of discrimination. This finding highlights the importance of continued genome type-specific surveillance and points to the epidemiological inadequacy of serological discrimination alone.
